Background Autonomic dysfunction contributes to orthostatic intolerance in vasovagal syncope (VVS), but as it has not been identified by spectral analysis of heart rate variability (HRV) in previous studies, the present hypothesis was that nonlinear analysis of HRV would identify the orthostatic intolerance in VVS. Methods and Results Twenty-six patients with VVS and 14 matched controls were subjected to 80-degree head-up tilt test (positive: 13 patients; negative: 13 patients and 14 controls). There were no differences in the orthostatic changes in the indices of spectral analyses of HRV among the 3 groups. The Lyapunov exponent (LE) was calculated from 200 consecutive RR-intervals to investigate chaotic behavior, and cardiac chaos was defined as the incidence of the presence of a positive finite LE. Orthostatic decreases in cardiac chaos were observed in the VVS patients (both the positive and negative groups), although there was no orthostatic decrease in the control group (ANOVA: p=0.008). The receiver-operator characteristic curve indicated that cardiac chaos during the tilt identified VVS regardless of the results of the tilt (p<0.001, sensitivity: 85.7%, specificity: 96.2%). Conclusions The decrease in cardiac chaos during the tilt test was specific to patients with VVS, even if their response to the test was negative. (Circ J 2006; 70: 902 -908) 
asovagal syncope (VVS) is a common manifestation of orthostatic intolerance in humans, [1] [2] [3] [4] [5] [6] [7] and its diagnosis is made on the basis of the history, absence of any other proven etiology of the syncope, and a positive result for the head-up tilt test (HUT). 1, 4, 5, 8 Autonomic behavior during the HUT has been considered indispensable to understanding the elusive pathophysiology of VVS. 2, 5, 9 Previous studies have applied and assessed spectral analyses of heart rate variability (HRV) during the HUT in VVS patients [10] [11] [12] [13] [14] [15] and most have shown a correlation between the spectral analyses of HRV and the results of the HUT. However, the analyses failed to identify VVS patients when the results of the HUT were negative. 15 Traditional analyses of HRV have used noninvasive methods for assessing changes in autonomic activity, but they are incapable of analyzing the nonstationary fluctuations. 2, 16 Techniques derived from nonlinear dynamics (eg, deterministic chaos) have complementary value in identifying patterns and mechanisms that cannot be detected by traditional statistic methods based on linear models. [16] [17] [18] Because recent studies have indicated that some pathological conditions are accompanied by loss of chaos in the RR intervals (RRI), [17] [18] [19] [20] [21] application of chaos theory to analysis of RRIs during the HUT may provide a new indicator of orthostatic intolerance. We hypothesized that the chaotic behavior of RRIs would identify the orthostatic intolerance in VVS.
Methods

Subjects
Twenty-six patients who presented to the emergency department with syncope and a history compatible with VVS participated in the present study. The diagnosis of VVS was confirmed by the history and/or tilt table testing according to the published guidelines on management of syncope. 4 Of the 26 patients, 17 had a positive result for the HUT without any pharmacologic provocation, 4 had a positive result with pharmacologic provocation of isoproterenol infusion, and the remaining 5 each had a history compatible with VVS. None of the 26 patients had carotid sinus hypersensitivity or a history indicating situational syncope. They did not have hypertension, diabetes, or heart disease. The control group consisted of 14 healthy age-and gender-matched volunteers with no history of syncope (Table 1 ). All patients and volunteers gave their consent to participate before enrolment in the study. The study confirmed with the principles outlined in the World Medical Association's Declaration of Helsinki. The protocol and ethics were approved by the research committee of the Department of Emergency Medicine of Keio University Hospital.
HUT
The HUT was performed between 09.00-11.00 h in a quiet room at a controlled temperature (23-25°C) . Patients with VVS underwent the HUT 0-47 days (median: 3 days) after spontaneous syncopal episodes. The tilting table was manually driven and equipped with a footplate support. Following a control period of 20 min in the supine position, each subject was tilted to 80°for a maximum of 30 min without the use of any provocative agents. 8 If symptoms of impending syncope were elicited during the tilt, the patient was immediately returned to the supine position, and the test was stopped. A positive test was defined as the occur-rence of syncope or presyncope associated with an increase in the RRI of more than 3 s and/or a decrease in systolic arterial pressure of more than 30 mmHg. 2 
HRV
During the HUT, the ECG was monitored with 2-lead chest electrodes (Lifescope 8™, Nihon Kohden, Tokyo, Japan), and finger arterial pressure was monitored with a plethysmographic device (Finapres™, Ohmeda, Englewood, CO, USA). Data were stored on a DAT tape (DAT recorder, RD-130TE™, TEAC, Tokyo, Japan), and the RRIs were obtained with Fluclet™ software (Dai-nippon Pharmaceutical, Osaka, Japan) running on a personal computer. This software computes the spectral analyses of HRV based on wavelet transform and provides a description of the spectral parameters every second. The highfrequency component (HF) of the RRIs, defined as 0.15-2.00 Hz (ms 2 /Hz), and the low-frequency component (LF), defined as 0.04-0.15 Hz (ms 2 /Hz), were computed and measured. 2 The standard deviation of RRIs (SDNN) was also calculated.
Cardiac Chaos
Whether the behavior of RRIs is chaotic can be determined by calculating the Lyapunov exponent (LE). The presence of a positive LE is strong evidence that the system is chaotic and not just quasi-periodic or periodic. [22] [23] [24] In the present study, LE was calculated thus: 
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The LE was calculated for units of consecutive RRIs (Fig 1) . To quantify the chaotic behavior of the RRIs, the number of positive finite LEs during a 5-min tracing while supine and during the HUT was counted, and cardiac chaos was defined as the presence of a positive finite LE.
To choose the most suitable number of RRIs for identifying cardiac chaos, 25-300 RRIs were used to calculate LE in our preliminary study. Because the area under the receiver-operator characteristic (ROC) curve of cardiac chaos based on 200 RRIs had the largest area (Table 2) , 200 RRIs were used to calculate LE in this study.
Data Analyses
To study the orthostatic changes in hemodynamics and HRV parameters, including LF, HF, LF/HF, SDNN and cardiac chaos, 5-min RRI tracings while supine and during the HUT were recorded: (1) with the subject supine before the start of HUT, and (2) 2 min after the start of HUT. The duration of the RRI recording was set at 5 min in this study, because 5-min RRI recordings have been preferred in previous investigations of short-term HRV. 16 
Statistical Analysis
The means of paired samples were analyzed by repeatedmeasures ANOVA, and the means of unpaired samples were analyzed by one-way ANOVA. The chi-square test was used for comparisons of categorical data. The assessment of the diagnostic accuracy of the HRV parameters and cardiac chaos was expressed by the ROC curve, being the area under the curve equal to the probability to discriminate from having or not having VVS. The level in the present study was 0.05. All statistical analyses were performed using SPSS™ 12.0J software (SPSS Inc, Tokyo, Japan).
Results
Results of the HUT
The arterial pressure and RRI responses to the HUT are summarized in Table 3 . Of the 26 VVS patients, 13 experienced syncope and/or presyncope during the HUT (positive). There were no differences in the baseline characteristics of the patients with positive HUT results and those with negative results (Table 1 ). The positive responses were obtained 19.4±6.7 min (range: 8-29 min) after the start of the HUT.
Orthostatic Changes in HRV Parameters and LE
Representative changes in the RRI, HF, LF, and LE are shown in Figs 2-4; the LE decreased during the HUT in the VVS patients, both those who had positive and negative HUT results (Figs 2,3 ), but did not decrease in the healthy volunteers (Fig 4) .
There were no differences among the 3 groups in cardiac chaos while supine (Table 4) . A significant orthostatic decrease in cardiac chaos was observed in the VVS patients (p=0.008), but no orthostatic decrease was observed in the controls. There were no differences in the other parameters of HRV (Table 4) .
Diagnosing VVS
Area under the ROC curves were drawn to elucidate the diagnostic accuracy of the parameters, and they showed that cardiac chaos, LF, and HF during the HUT had significantly larger areas (p<0.001, p=0.02, p=0.03, respectively). The parameters while supine were not predictive of VVS (Table 5) .
Cardiac chaos during HUT had the largest area under the ROC curve (Fig 5) . The optimal cutoff point for balancing sensitivity and specificity in cardiac chaos during the HUT was 0.36 (Fig 6) , and at that cutoff value sensitivity was 92.3% and specificity was 96.3% (Table 6 ).
Discussion
In this study a decrease in cardiac chaos during the HUT Table 5 . was observed in the VVS patients regardless of the outcome of the HUT, suggesting that the chaotic behavior of the RRIs in reaction to the gravitational load differs between healthy subjects and VVS patients. Loss of heart rate complexity, as measured by the cardiac chaos, was a more sensitive indicator of orthostatic intolerance than conventional analysis measures, and this observation is consistent with the recent widely accepted hypothesis that chaotic behavior is characteristic of normal biological systems and that diminished complexity indicates pathology. 16, [25] [26] [27] [28] A positive effect of chaos in hemodynamic regulation may serve as a response to altered external influences. According to several studies, the transition from a physiological contribution of hemodynamic regulation to a pathological state is accompanied by a reduction in LE and loss of the degree of chaos, and this has been demonstrated in studies of multiple sclerosis 24 and heart rate dynamics prior to sudden death. 20, 21 Although the mechanism responsible for the cardiac chaos was not clarified in the present study, cardiovascular baroreceptor function may play a role. Intact cardiovascular regulation involves a long feedback loop, 29 and the major feedback loop is controlled by arterial and cardiopulmonary baroreceptors that regulate autonomic nervous tone. 21 This feedback has nonlinear response characteristics. After baroreceptor denervation, hemodynamic control is less complex and less sensitive on initial conditions. 30 Chaotic regulation may be advantageous in maintaining cardiovascular function in relation to gravitational load. Physiological systems normally operate to reduce variability and to maintain constancy of internal function, and the heart rate should return to its normal steady state after it has been altered. Chaotic systems operate under a wide range of conditions and are adaptable and flexible. This plasticity allows systems to cope with the exigencies of an unpredictable and changing environment. 25, 26 Previous studies have used different nonlinear measures during HUT. 19, 31 One has reported that the LE values are not significantly different during tilt compared with supine posture in normal controls and patients with essential hypertension; 31 however, the subjects in that study were not syncopal patients. The other study indicated that there is a reduction of fractal dimension associated with presyncope during orthostatic stress using HUT and lower body negative pressure. 19 The reduction implies a loss of complexity in the underlying control of the heart rate response to orthostatic stress. These findings are compatible with the findings in the present study and represent the underlying complexity against which the cardiovascular system is able to recognize and respond to orthostatic stress.
A decrease in the chaotic behavior of the RRIs during HUT was observed in the VVS patients regardless of the outcome of the HUT, suggesting that the diagnostic yield of cardiac chaos is higher than that of the conventional HUT. The sensitivity and specificity of cardiac chaos for the diagnosis of VVS were greater than 85%, whereas the sensitivity of the conventional HUT is approximately 40-60%. 16, 32, 33 Recording the RRIs to analyze for cardiac chaos takes less than 10 min, whereas the conventional HUT takes at least 30-60 min. 16, 32 Thus, analysis of cardiac chaos is an easier and more accurate test than the conventional HUT for diagnosing VVS.
Analysis of linear statistics, such as time domain and frequency domain analyses, does not directly address the complexity of the RRIs, and thus may miss potentially helpful information. Because the underlying mechanisms involved in the control of the RRIs are mainly nonlinear, application of nonlinear techniques seems appropriate. The results of this study support the clinical utility of the analysis of chaos based on nonlinear dynamics.
Study Limitations
Some questions remain concerning the significance of the cardiac chaos in the present study.
First, the mechanism that generates cardiac chaos was not clarified in this study. Analysis of RRI dynamics by methods based on chaos theory and nonlinear system theory has recently attracted interest and is being steadily developed. 34 However, it is impossible to record all the variables that affect it, and the exact total number of degrees of freedom is unknown. These are fundamental problems in selecting a valid mathematical model for analysis of the RRIs, and thus their applicability to specific conditions should be tested for diagnostic and clinical purposes.
Second, a previous study reported that LE decreases with age, 35 indicating that the RRIs become less chaotic as healthy subjects grow older. All of the subjects in the present study were young and healthy, and it is unknown whether our observations are valid for other age groups.
Third, the reproducibility and chronobiologic factors are crucial factors in determining the usefulness of this analysis as a diagnostic tool. 16, 36 In fact, although the 8 of the 13 patients who were classified into the negative HUT group were diagnosed as VVS by positive HUT results with or without pharmacologic provocation (Table 1) , orthostatic decreases of the cardiac chaos were observed during negative HUT response. This suggests that the analysis is reproducible; however, the reproducibility and chronobiology were not thoroughly evaluated in the present study. Further study is needed to elucidate the issue regarding reproducibility and chronobiology.
Fourth, 15 of the 26 VVS patients underwent the HUT within 5 days of spontaneous syncopal episodes. Their autonomic function may have been disturbed by the spontaneous syncopal attack. Our limited preliminary data suggested that a short period between spontaneous syncope and the HUT did not affect on the cardiac chaos, but this study was not designed to elucidate the impact of a spontaneous syncopal attack on cardiac chaos.
Finally, because there were no data for chaotic analysis of the RRIs in other types of orthostatic intolerance, including orthostatic hypotension, it is unknown whether our observations are applicable to the pathophysiology of other diseases.
Conclusions
A decrease in cardiac chaos during the HUT was specific to VVS patients, even when their response to the HUT was negative. Cardiac chaos may indicate adaptation to orthostatic stress, and the orthostatic decrease may play a role in the pathophysiology of VVS.
